We compare measurements and simulations of ferromagnetic resonance spectra of magnetite nanocrystal-chains at different growth-stages. By fitting the spectra, we extracted the cubic magnetocrystalline anisotropy field and the uniaxial dipole field at each stage. During the growth of the nanoparticle-chain assembly, the magnetocrystalline anisotropy grows linearly with increasing particle diameter. Above a threshold average diameter of D % 23 nm, a dipole field is generated, which then increases with particle size and the ensemble becomes thermally stable. These findings demonstrate the anisotropy evolution on going from nano to mesoscopic scales and the dominance of dipole fields over crystalline fields in one-dimensional assemblies. The properties of magnetic nanoparticle-assemblies are attracting increasing interest in various scientific communities, such as solid-state magnetism, earth sciences, biology, materials science, and medicine.
We compare measurements and simulations of ferromagnetic resonance spectra of magnetite nanocrystal-chains at different growth-stages. By fitting the spectra, we extracted the cubic magnetocrystalline anisotropy field and the uniaxial dipole field at each stage. During the growth of the nanoparticle-chain assembly, the magnetocrystalline anisotropy grows linearly with increasing particle diameter. Above a threshold average diameter of D % 23 nm, a dipole field is generated, which then increases with particle size and the ensemble becomes thermally stable. These findings demonstrate the anisotropy evolution on going from nano to mesoscopic scales and the dominance of dipole fields over crystalline fields in one-dimensional assemblies. The properties of magnetic nanoparticle-assemblies are attracting increasing interest in various scientific communities, such as solid-state magnetism, earth sciences, biology, materials science, and medicine. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Gaining deeper insight into the functionality of such systems allows a better physical understanding of magnetostatic interactions in the nanoscale and also promotes new ideas for technological implementation. In the context of basic physical understanding, an excellent model-system is the linear nanocrystal-chain. Such configuration is found in magnetotactic bacteria (MTB).
In MTB cells, one-dimensional chain assemblies of stable single-domain magnetite (Fe 3 O 4 ) nanocrystals are oriented along the [111]-axis of the cubic crystal, which is also the easy-axis of magnetization. [11] [12] [13] [14] This setup exhibits characteristic anisotropy traits, which result from the combination of cubic magnetocrystalline anisotropy, of each individual crystallite, and dipole uniaxial fields generated by the interactions between the nanocrystals along the chain. In an ensemble with randomly oriented assemblies, these anisotropy features are readily detectable in ferromagnetic resonance (FMR) experiments, which produce characteristic spectra with two or three low-field peaks and one strong high-field peak. [15] [16] [17] [18] [19] Therefore, we have investigated the evolution of magnetic anisotropy in growing MTB assemblies by FMR spectroscopy at a frequency of 9.8 GHz at ambient conditions.
For the simulations, we used FMR data from the MSR-1 strain, which generates equidimensional particles. 20 The time-resolved formation of Fe 3 O 4 particles and their assembly in chains is analyzed. The building of magnetite chains is a mainly genetically driven process, 21 supported by magnetic docking mechanisms. 20 The particle sizes were estimated by transmission electron microscopy, 20 and for the FMR experiments, samples with average particle diameters of D % 5 (T1), 18 (T3), 19 (T4), 23 (T6), 29 (T8), 34 (T10), and 41 nm (T12) were used. The MTB cells were embedded in paraffin, in order to avoid physical re-orientation during field exposure in the FMR experiments.
In order to extract the anisotropy parameters from the FMR data, we used the ellipsoid model described in Ref. 22 , which can be used to simulate FMR spectra of randomly oriented linear-chains. The ellipsoid model approximates the whole linear chain as a rigid rotation ellipsoid and assumes a uniform spatial distribution of identical non-interacting ellipsoids. In this model, two parameters are needed to describe the anisotropy: (1) the cubic magnetocrystalline anisotropy field H cub ¼ K 1 /M, where K 1 is the first-order anisotropy constant of magnetite (K 1 ¼ À1.1 Â 10 5 erg/cm 3 ), 23 and M is the magnetization and (ii) the uniaxial anisotropy field H uni ¼ 4pMN eff , where N eff is the effective demagnetizing factor. In the context of the ellipsoid model, H cub describes the magnetocrystalline field of the individual Fe 3 O 4 crystallites and H uni the total effective dipole field of the chain which requires that the nanocrystals are thermally stable and interacting with each other. The criterion for thermal stability can be assessed from the anisotropy energy of magnetite, assuming Néel-Brown-type activation mechanisms: the magnetic moment stability-lifetime is s ¼ s 0 exp(K 1 V/k B T), where s 0 is an intrinsic fluctuation attempt time (taken to be 10 À10 s), 24 V ¼ 4pR 3 /3 the particle volume (assuming a spherical symmetry, R ¼ D/2), k B the Boltzmann constant, and T ¼ 300 K the temperature. In this context, any particle with size D > 12 nm, yielding a lifetime of 10 À9 s, will be virtually blocked at 9.8 GHz and its anisotropy will be "visible" to FMR, whereas the anisotropy of particles with D < 12 nm, having a lifetime smaller than that of the microwave, remains undetected by FMR. For the development of an a)
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6 s). With this in mind, the intrinsic (magnetocrystalline) anisotropy can be determined from FMR data for all samples (except at D % 5 nm), and the interaction-induced extrinsic anisotropy (dipole uniaxiality) can be detected as soon as thermal stability is established. In principle, the dipolar interactions contribute towards thermal stability as well, but the dipolar fields fluctuate with the particle moments. Therefore, the dipolar interaction is both the cause and the effect of thermal stability and requires a more explicit approach, as shown in Refs. 25 and 26. Thus, the consideration of only K 1 for the thermal stability is a simplified approach, used as a guide.
We fitted the FMR spectra and extracted the two anisotropy fields with an accuracy of 610 Oe for H cub and 65 Oe for H uni . The simulated spectra agree well with the data, with some intensity discrepancies. The deviation between measured and simulated intensities is justified considering the assumption of the model that all particles and chains are evenly oriented in space and that the volume distribution is uniform. 22 Figure 1 shows all seven FMR spectra of the time series. At the first recordable growth-stage (T1, D % 5 nm), a weak paramagnetic signal is recorded, which can be attributed to Fe(III) in an octahedral configuration. For T3 and T4, the magnetic moment stability lifetime is s > 3.3 Â 10 À7 s and s > 1.4 Â 10 À6 s, respectively, and the moment is virtually blocked at 9.8 GHz. Thus, their anisotropy is detectable, as seen by the asymmetric signals of T3 and T4. At stage T6, where the particles have an average diameter of 23 nm, the first signs of dipole uniaxiality can be seen in the spectrum: the low-field tail corresponds to uniaxial anisotropy contributions, which require lower resonance fields along the easy axis. Upon going from T8 to T12, we see an evolution of the FMR signal into that of a typical uniaxial symmetry, which in a random distribution exhibits two low-field peaks and one strong high-field peak, with a shoulder at 3.5-3.7 kOe. [15] [16] [17] [18] [19] 22 Figure 2 summarizes the evolution of anisotropy fields during particle-chain growth. The cubic anisotropy becomes evident as soon as the particles are formed, i.e., at T3 with D % 18 nm. At the early stages, H cub ¼ À100(10) Oe for T3 and À120(10) Oe for T4 (the value in the parenthesis corresponds to the error bar). With increasing average particle diameter, H cub increases almost linearly and reaches À250(10) Oe at D > 35 nm. The threshold value of 35 nm is slightly above the theoretical superparamagnetic/stable-single-domain threshold, which means that at this size, the bulk single crystal properties are accomplished and the effect of the surface is diminished; surface strains do not dominate over bulk crystal symmetries. In addition, for particles with an average diameter of 23 nm (T6), H uni appears at 300(5) Oe (circles in Fig. 2 ). This suggests that some particles are assembled in chains and are weakly interacting. With a diameter of 23 nm, however, the lifetime of the magnetic moment is 2.2 ms, which does not suggest stable magnetization. One possibility is that the apparent early blocking is induced by interparticle interactions. 25, 26 In addition, considering the relatively broad particle-volume distribution, 20 the observed dipole fields are most probably due to particles with larger sizes. Therefore, we can safely assume that larger particles promote magnetic docking, 20 generating stable assemblies. The effect of interaction-induced dipole fields becomes more pronounced with increasing average particle diameter and H uni increases, due to the addition of more particles to the chain, and the growth of the particles already in the chain. At the final stage (T12), H uni is 870(5) Oe, giving an effective demagnetization factor of 0.147(1), which suggests an effective elongation of (length/width) 1.42(1) of the ellipsoid, i.e., of the chain. This elongation does not correspond to the physical dimensions of the chain but to the inter-particle dipole interactions along the assembly which generate the apparent total dipole field.
We now use the extracted anisotropy fields to visualize the evolution of magnetocrystalline and dipole fields in this system. Figure 3 shows the evolution at four critical stages: FMR or static magnetization measurements, the changing symmetries during growth are smeared out. However, knowing the anisotropy fields of the system allows us to visualize the true energetic symmetries. This is seen by the comparison between resonance field H res (left in Fig. 3 ) and the energy density F tot (H) (right in Fig. 3) , showing the difference between field-induced equilibrium (H res ) and the state of the system at the absence of external fields [F tot (H ¼ 0) ]. The transition from nano-scopic, i.e., only crystalline effects, to meso-scopic scale, i.e., extrinsic dipole fields, is abrupt. The uniaxial energy dominates over cubic as soon as it appears. Therefore, although in the FMR spectra no abrupt change is seen, the energetic change upon the onset of thermal stability is striking.
Finally, our findings clearly show that in onedimensional nanocrystal-assemblies, the nano-scopic crystalline symmetries develop gradually with increasing particle diameter and that inter-particle interaction, i.e., thermal stability of magnetic moments occurs abruptly and dominates over crystalline anisotropy.
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